The lysogenization of Pseudomonas aeruginosa PAO by phage D3 results in derivatives which are resistant to superinfection by phage D3c by virtue of the fact that homologous phage cannot adsorb to these cells. The serologically and morphologically unrelated phage E79 showed a markedly decreased adsorption rate to the lysogen PAO(D3). Since both of these phages are lipopolysaccharide specific, these results suggested lysogenic conversion of the phage receptor. The lipopolysaccharide was extracted from strain PAO by the hot phenol-water technique, but this procedure was ineffective with PAO(D3). We developed a technique involving cold trichloroacetic acid extraction, followed by ultracentrifugation, digestion of the high-speed pellet with proteinase K, and ultimate purification on CsCl step gradients. The lipopolysaccharide from the wild type had inactivating activity against D3 and E79, whereas that from PAO(D3) inactivated neither. Chromatographic analysis indicated that the convertant lipopolysaccharide was smooth, and quantitative chemical analyses of the two preparations showed no differences in the level of the major fatty acids, amino compounds, or neutral sugars. On the other hand, sodium dodecyl sulfatepolyacrylamide gel electrophoresis showed that the side chains had a decreased migration rate through the gel matrix. The application of 1H and 13C nuclear magnetic resonance spectroscopic analysis revealed that the PAO side chain is chemically identical to that of serotype 0:2a,d, containing 2,3-(1-acetyl-2-methyl-2-imidazolino-5,4)-2,3-dideoxy-D-mannuronic acid, 2,3-diacetamido-2,3-dideoxy-D-mannuronic acid, and 2-acetamido-2,6-dideoxy-D-galactose (D-fucosamine). The molecular basis of the conversion event was (i) the introduction of an acetyl group into position 4 of the fucosamine residue and a change in the bonding between trisaccharide repeating units from al-*4 to ,1-4. Phage conversion is characterized by the expression of a limited number of phage genes, the products of which serve to alter the phenotype of the host in a specific manner. For example, in the case of gram-negative bacteria, the lysogenic state is frequently associated with changes in 0-antigenicity (1, 2, 5, 63) , the appearance of specific outer membrane proteins (56), the production of toxins (9, 60), and antibiotics (45).
The lysogenization of Pseudomonas aeruginosa PAO by phage D3 results in derivatives which are resistant to superinfection by phage D3c by virtue of the fact that homologous phage cannot adsorb to these cells. The serologically and morphologically unrelated phage E79 showed a markedly decreased adsorption rate to the lysogen PAO(D3). Since both of these phages are lipopolysaccharide specific, these results suggested lysogenic conversion of the phage receptor. The lipopolysaccharide was extracted from strain PAO by the hot phenol-water technique, but this procedure was ineffective with PAO(D3). We developed a technique involving cold trichloroacetic acid extraction, followed by ultracentrifugation, digestion of the high-speed pellet with proteinase K, and ultimate purification on CsCl step gradients. The lipopolysaccharide from the wild type had inactivating activity against D3 and E79, whereas that from PAO(D3) inactivated neither. Chromatographic analysis indicated that the convertant lipopolysaccharide was smooth, and quantitative chemical analyses of the two preparations showed no differences in the level of the major fatty acids, amino compounds, or neutral sugars. On the other hand, sodium dodecyl sulfatepolyacrylamide gel electrophoresis showed that the side chains had a decreased migration rate through the gel matrix. The application of 1H and 13C nuclear magnetic resonance spectroscopic analysis revealed that the PAO side chain is chemically identical to that of serotype 0:2a,d, containing 2,3-(1-acetyl-2-methyl-2-imidazolino-5,4)-2,3-dideoxy-D-mannuronic acid, 2,3-diacetamido-2,3-dideoxy-D-mannuronic acid, and 2-acetamido-2,6-dideoxy-D-galactose (D-fucosamine). The molecular basis of the conversion event was (i) the introduction of an acetyl group into position 4 of the fucosamine residue and a change in the bonding between trisaccharide repeating units from al-*4 to , 1-4. Phage conversion is characterized by the expression of a limited number of phage genes, the products of which serve to alter the phenotype of the host in a specific manner. For example, in the case of gram-negative bacteria, the lysogenic state is frequently associated with changes in 0-antigenicity (1, 2, 5, 63) , the appearance of specific outer membrane proteins (56) , the production of toxins (9, 60) , and antibiotics (45) .
Several studies have shown that Pseudomonas aeruginosa undergoes 0-antigen conversion after infection by a variety of phages (7, 13, 14, 17, 37, 43, 44) . Castillo and Bartell, using phage 2, have shown that lipopolysaccharide (LPS) is utilized as the phage receptor and that LPS from a phage 2-lysogenized strain shows a reduction in phage-inactivating capacity (12, 13) . This study was interesting in that the phage also appeared to be inactivated by slime, as well as by LPS, thereby suggesting that it may use both for adsorption onto the host (6, 13) . With the exception of phage 2, the above studies used uncharacterized isolates of bacteria and phage. As such, they were effectively limited to serological analyses and did not pursue the molecular aspects of conversion. Thus, to begin to develop a model for 0-antigen conversion in P.
aeruginosa, both a well-characterized host and converting phage would be preferred.
The genetics (23, 55) and the LPS (28-30, 34) of P. aeruginosa PA01 have been extensively studied. A number of phages are capable of lysogenizing this strain (10, 11, 22, 33, 47) . Of these, three (D3, F116, and G101 [22, 47, 58]) have been well characterized and shown to cause conversion of their cellular receptors (7, 43 (27, 29, 30) . Isolation of the PAO(D3) lysogen. A phage D3 stock solution was titrated on PA01. Colonies from turbid plaques were picked with sterile toothpicks and subjected to three single-colony isolations. The lysogen PAO(D3) was stable through numerous transfers, could be induced with UV light, and was non-agglutinable in acriflavine (34) . ' LPS extraction procedures. (i) Hot phenol-water extraction. The hot phenol-water extraction procedure of Westphal and Jann (62) was followed, with the addition of a centrifugation step to remove residual peptidoglycan (31) .
(ii) Cold phenol-water extraction. The cold phenolwater extraction procedure was carried out essentially as described above, but the extraction was performed at 20°C (51) .
(iii) Extraction of LPS from the phenol phase. The protocol of Barasoain et al. (4) for the extraction of LPS from the phenol phase was;followed. The phenol phase from a hot aqueous phenol extraction was removed and subjected to centrifugation at 20,000 x g to remove insoluble residues. LPS was precipitated by the methanol reagent of Baker and Wilson (3) and further purified by ultracentrifugation.
(iv} Phenol-chloroform-petroleum ether extraction.
The phenol-chloroform-petroleum ether extraction technique was done as outlined by Galanos et, al. (18) .
(v) TCA extraction-iloivin preparation. Extractions with trichloroacetic acid (TCA) were,done as described by Staub (59 4°C . After a second precipitation step, the final pellet was suspended in 5 ml of distilled water and lyophilized.
(vi) Non-equilibrium cesium chloride density gradient purification. The removal of peptides and protease was accomplished by loading suspended pellets onto CsCl step gradients (CsCl solutions: 1.0 ml of 1.5 g/ cm3, 2.0 ml of 1.4 g/cm3, 3.0 ml of 1.3 g/cm3) which were prepared in SW41 nitrocellulose centrifuge tubes. The gradients were then overlaid with 5 ml of LPS solution (10 mg/ml), and the tubes were filled with distilled water (ca. 2 ml). Non-equilibrium centrifugation was carried out in a Beckman L-8 centrifuge at 120,000 x g for 2.5 h (or 60,000 x g for 4.5 h) at ambient temperature.
After centrifugation, the supernatant was removed, and the pellet was suspended in 2 ml of distilled water. LPS was precipitated with 3 volumes of ethanol for 6 to 8 h at 0°C. The precipitate was collected by centrifugation (20,000 x g, 20 min, 4°C), suspended in 2 ml of 0.2 M ammonium acetate (pH 7.0), reprecipitated with ethanol, and centrifuged. The final pellet was suspended in 2 ml of distilled water and lyophilize,0.
Gas-liquid chromatography. Hardware and columns. Gas-liquid chromatography was performed on a Perkin-Elmer Sigma 3 gas chromatograph coupled to a Sigma 10 integrator-plotter. For fatty acid analysis, a 12-ft (ca. 3.7-m) glass column (2-mm inside diameter) packed with 3% SP-2100 on 100/120-mesh Supelcoport was used (Supelco, Inc., Bellefonte, Pa.). For alditol acetate sugar analysis, a 12-ft (ca. 3.7-m} glass column (2-mm iuside diameter) with 10%o SP-2340 100/120-mesh Supelcoport (Supelco) was employed.
Fatty acid methyl ester formation. Fatty acid methyl esters were prepared with the methanolic-hydrochloride kit offered by Applied Science (Rexdale, Ontario, Canada). To a 50-ml flask on ice, 29.5 ml of lipopure methanol was added. Acetyl chloride (5-ml ampoule) was added dropwise to the methanol with constant mixing. The Alditol acetate formation. The method employed for alditol acetate formation was developed from the protocols of Lehnhardt and Winzler (38) and Porter (53) . LPS (ca. I mg; dry) was hydrolyzed for 4 h in 2 N HCI under N2 in Teflon-sealed 1-ml Reacti-Vials. The hydrolysates were passed through small plastic columns containing 0.5 ml of Dowex-1 (H+) 1x8-400 (40% [wt/vol]; Sigma) over 0.4 ml of Dowex-50 (HCOO-) 50x8-400 (20% [wtlvol]; Sigma). The columns were subsequently washed with 0.8 ml of 50% methanol-water. The eluants and washes were combined and evaporated to dryness in vacuo overnight. The dried residue was reduced after suspension in 0.1 ml of 1% (wt/vol) sodium borohydride in 1 N ammonia and allowed to stand at room temperature for 1 h. Excess sodium borohydride was then decomposed by the addition of 0.1 ml of glacial acetic acid. The mixture was vortexed, allowed to stand for 5 min, and evaporated to dryness in vacuo. The residue was extracted four times with 0.1 ml of methanol-hydrochloride (500:1 [vol/vol]) to remove borate by evaporation to dryness after each extraction.
Alditol acetates of the reduced sugars were prepared by adding 0.1 ml of anhydrous pyridine and 0.1 ml of acetic anhydride to the dried residue. The samples were mixed and heated for 30 min at 100°C, followed by evaporation to dryness under a stream of warm N2.
The residue was suspended in 50 ,ul of chloroform, and 1-to 2-pl samples were analyzed.
Other chemical analyses. The LPS contents of 2-keto-3-deoxyoctulosonic acid (KDO), heptose, and amino compounds were determined as previously described (28, 35) .
SDS-PAGE. The protocol for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of LPS was a modified Laemmli (36) Samples (ca. 1.0 mg of LPS) were taken up in 0.1 ml of sample buffer containing 0.0625 M Tris (pH 6.8), 4% SDS (wt/vol), 1o glycerol (vol/vol), 2% 2-mercaptoethanol, 0.002 M EDTA, and 0.001% (wt/vol) Pyronin Y. Before being loaded onto the gels, the samples were sonicated for 1 to 2 min to ensure the disaggregation of the LPS.
Samples (10 to 20 p1) were run at a constant 50 V through the stacking gel and at 100 V through the resolving gel until the tracking dye was about 1 to 2 cm from the bottom. The running buffer contained 0.025 (wt/vol) solution of phosphotungstic acid in 2 N HCl for 1 h at room temperature. After this step, the gels were stained for 1 h in a solution of 0.2% (wt/vol) Coomassie brilliant blue R-250, 50% (vol/vol) methanol, and 7% (vol/vol) acetic acid at 45°C. Destaining was accomplished with several changes of 10%o methanol and 14% acetic acid (also at 45°C).
Column chromatography. A column (2 by 65 cm) was packed with Sephadex G-50 (fine) and equilibrated with 0.05 M pyridinium acetate buffer (pH 5.3). Degraded polysaccharide (ca. 40 mg), obtained by the hydrolysis of LPS in 1% (vol/vol) acetic acid at 100°C for 90 min, was loaded onto the column and eluted with pyridinium acetate buffer at a rate of 35 ml/h. The void and included volumes were determined with dextran blue and glucose, respectively. Neutral sugars in the eluant were monitored by the hexose assay (16) .
NMR spectroscopy. Side-chain material (ca. 10 mg) obtained from column chromatography (fraction I) was dissolved in D20 (99.96 atom % D; Aldrich Chemical Co.), allowed to stand at room temperature for 0.5 to 1 h, and lyophilized. The process was repeated three times.
The final dried samples were taken up in D20 and analyzed on a Bruker model WH-400 multinuclear magnetic resonance (NMR) spectrometer equipped with Fourier transformation capability. Trimethylsilane was used as the external standard.
RESULTS
Adsorption studies. Figure 1 shows the adsorption of E79 and D3c to P. aeruginosa PAO and PAO(D3). Adsorption rate constants to strain PAO were 3.9 x 10-9 and 2.1 x 10-9 ml/min for E79 and D3c, respectively. Thus, E79 adsorbed with approximately twofold-greater efficiency to the wild-type strain than it did to phage D3c. No measurable adsorption rate constant could be 
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KUZIO AND KROPINSKI calculated for phages D3c and E79 with strain PAO(D3). These data, however, were not consistent with the plaquing ability of the latter phage on these strains. Although E79 was incapable of adsorbing to strain PAO(D3), it could plaque on it with efficiencies indentical to those observed on strain PAO.
This apparent lack of adsorption of the phages provided favorable evidence that the conversion in PAO(D3) involves LPS since this molecule is the known receptor for E79 (27) (8) .
To remove the contaminating protein, we digested the preparations with proteinase K, and subsequent purification was accomplished by utilizing a property of P. aeruginosa LPS which is uncommon to most other LPS preparations studied-its relatively high buoyant density. The buoyant density of LPS from hot phenol-waterextracted strain PAO was calculated to be 1.55 g/cm3. This is considerably higher than that reported for Escherichia coli (1.36 g/cm3; 48). By CsCl step gradients, yields for both the wild type and the lysogen were approximately 1% (wt/wt) LPS from dry cells. Protein contamination was low, approximately 1 to 2% (wt/wt).
Phage inactivation studies. With the availability of purified LPS from the lysogen, the hypothesis that it acts as a less efficient receptor than PAO LPS for phage E79 could be tested. This hypothesis was confirmed (Fig. 2) . The 50% phage inactivation value (PhI50) obtained for PAO(D3) LPS was over 2,000 times higher than that observed for PAO LPS. In addition, there was a noticeable decrease in the slope of the inactivation curve. The data show that D3 is far less efficiently inactivated by PAO LPS than is phage E79. This suggested a somewhat lower affinity of D3 for the wild-type receptor than that of E79 and may explain the difference in adgorp;. PAGE. PAGE profiles of hot phenol-waterextracted PAO LPS and LPS derived from TCA preparations of PAO and PAO(D3) are shown in Fig. 3 . Of significance was the observation that the banding patterns for the phenol-water-and TCA preparations of PAO LPS were almost identical. Discrete groupings of intensely staining subunits have been observed to occur at about 24 and 48 subunits with minor regions at 32 and 40 subunits.
PAGE of LPS also showed differences between wild-type and converted LPS. The shift of the converted LPS to an apparently higher molecular weight as measured by its decrease in migration into the gel could be indicative of a real increase in the molecular weight of the side chain (since the core regions migrate to the same position) or to a decrease in the overall net negative charge on the LPS.
Chemical composition of LPS. The neutral sugar, amino compound, and fatty acid analyses of the three preparations are shown in Table 1 . No significant differences were found between the PAO and PAO(D3) LPS purified by the TCA procedure. Slightly greater variation was found in the fatty acid composition of the wild-type LPS extracted by the two protocols. This may be attributed to the selection of slightly different populations of LPS by the two methods.
Column chromatographic separation of polysaccharide fraction. As a prelude to NMR analysis, partially degraded polysaccharide material from acetic acid-hydrolyzed LPS was resolved into three fractions by gel exclusion chromatography. The elution profiles as measured by hexose content were identical and confirm that PAO(D3) is smooth. In addition, no obvious differences between the PAO polysaccharide fraction and that from PAO(D3) could be determined.
NMR spectroscopy. The uncoupled 400-MHz 1H NMR spectra of the purified side-chain fractions are presented in Fig. 4A (Fig. 4D) . The anomeric carbons were shifted slightly to 96.8, 97.5, and 99.2 ppm. The areas of the spectrutn which showed a more marked change were those associated with the nitrogen-bonded carbons (48 to 53 ppm) and with methyl carbons (14.1 to 20.6 ppm). The carbonyl region of the D3 spectrum exhibited peaks at 170.6, 171.6 (double intensity), 171.6, 172.3, 173.0, and 173.9 ppm. DISCUSSION
The lysogenization of P. aeruginosa by phage D3 has been shown to result in an alteration in the LPS and, as such, can be classified as an antigenic conversion as exemplified by the Salmonella anatum/e15 system (42, 63) . The salient feature of this type of conversion is the high degree of resistance to homologous, supenrnfecting phage expressed by the lysogenized host (5). This is clearly evident in this case since phage D3 no longer adsorbs to the lysogen (Fig. 1) .
Under the experimental conditions used, LPS-specific phage E79 (28) was also shown to be deficient in adsorption to the lysogen. In view of the utilization by this phage of LPS as a receptor for initial attachment to the cell, this observation was not unexpected. However, the phage still retained its ability to plaque on PAO(D3). This phenomenon can be explained by the low affinity of E79 for the converted LPS as measured in a PhI50 assay (Fig. 2) . It has previously been shown that the PhI50 value positively reflects the receptor activity of LPS (39, 40) .
The extraction protocol developed to purify PAO(D3) LPS took advantage of the high density of the LPS from P. aeruginosa to separate it from contaminating protein after the protease digestion of the TCA-extracted material. This protocol gave overall yields of LPS from PAO and PAO(D3) comparable to those obtained from the wild type by the hot phenol-water procedure. However, minor quantitative differences in the chemical composition of LPS extracted by the two procedures were observed. This suggests that the extractions select for populations of LPS which differ slightly.
At present, it is not possible to state conclusively why PAO(D3) LPS, which is smooth, was not extractable by the hot phenol-water method. This phenomenon has not been observed by other workers in this field (E. Rietschel via G. Greer, personal communication). Two theories are proffered: (i) the LPS may be highly hydrophobic in the native state; or (ii) the LPS may be associated more tightly with an outer membrane protein (Kuzio and Kropinski, manuscript submitted for publication). The second hypothesis is supported by the observation that the LPS appears to partition at the phenol-water interface. 1H N_MR data suggest that the LPS from the lysogen contains additional acetyl groups (Fig. 5 ). This could contribute to an increase in the hydrophobicity of the LPS since it is well known that unacetylated sugars are far more water soluble than their fully acetylated derivatives. The fact that this occurs in the native state is stressed since, after TCA extraction, the LPS from PAO(D3) is readily soluble in water.
LPS from a variety of genera has been visualized in gels by different staining protocols, such as periodic acid-Schiff (15, 25, 26) Second, purified side-chain material could be resolved into subunits and stained in polyacrylamide gels (Kuzio, unpublished data). The structure as defined below clearly shows that the polysaccharide carries two carboxyl groups which will obviously affect electrophoretic migration through gels. This observation disproves the theory that the migration of LPS after SDS-PAGE is solely due to the interaction of the detergent with,the lipid A (15, 26) . Furthermore, these data appear to confirm recent proposals based on 31P NMR data that, native LPS is not cross-linked via pyrophosphate bridges (24, 49, 54) . It is clearly evident that if the LPS were bridged, the electrophoretic profile would be much more complex.
The visualization of fully substituted cores by PAGE confirmed that both PAO and PAO(D3) were smooth (Fig. 3) . In addition, the fact that the core regions comigrated suggests that the decreased mobility of fully substituted core in the latter strain may be accounted for by an increase in the molecular weight of the individual subunits.
The micro-heterogeneity of LPS from Salmonella species and E. coli has also been observed by autoradiography (20, 50, 52) (Fig. 4C) , with the exception that the peaks are all shifted 2.8 to 3.0 ppm to higher field. This may be due to the fact that these authors used trimethylsilane as an internal standard, whereas we used it as an external standard. The adjusted chemical shifts for the anomeric carbons from the PAO polysaccharide are 101.0, 100.1, and 98.6 ppm. These correspond well to the values published by Knirel et al. (32) , namely, 100.9, 100.2, and 98.3 ppm. PAO side-chain polysaccharide is, therefore, composed of 2,3-(1-acetyl-2-methyl-2-imidazolino-5,4-)-2,3-dideoxy-D-mannuronic acid, 2,3;-diacetamido-2,3-dideoxy-D-mannuronic acid, and 2-acetamido-2,6-dideoxy-D-galactose (fucosamine; DFucNAc). The structure is shown in Fig. 5 .
The most striking aspect of the NMR spectra is the presence of an additional acetyl group (Fig. 4B) in the convertant polysaccharide. The higher-field chemical shift for this group, relative to that of the other acetyl signals, coupled with the structure given in Fig. 5 , indicates that PAO(D3) LPS contains one additional acetyl group at position 4 on the DFucNAc residue, giving 4-0-acetyl-2-acetamido-2,3-dideoxy-Dgalactose.
In addition, the adjusted chemical shifts for the anomeric carbons of the converted polysac- sacpharide. Since the only-difference between these polysaccharides is the bonding between the repeating units, the evidence strongly sup-ports the conclusion that the bonding between repeating units from PAO changes from al-+4 to 11-*4.
All data considered, the evidence at present seems to be consistent with the hypothesis that the molecular basis of the conversion in D3 lysogens involves an 0-acetylation of one of the LPS side-chain constituents, namely, fucosamine, and a change in bonding. More detailed chemical and spectroscopic analyses will be required to confirm or refute this conclusion. In regard to the molecular basis of the conversion event, D3 conversion may be considered partially analogous to Sf6 conversion in Shigella flexneri (19, 41) , which also involves 0-acetylation. Conversions involving anomeric changes have also been noted in Salmonella strains lysogenized by phages 27 and e15 (1, 5, 42, 63) . The results also suggest, by analogy with e15, that three phage gene products may be involved in the conversion: an inhibitor of alpha-fucosamine transferase, a beta-fucosamine transferase, and a fucosamine acetylase.
